Hydrothermal reactions of the lanthanide(III) salt with 2,3-pyrazinedicarboxylic (2,3-pzdc) acid yielded the coordination polymers [La2(2,3-pzdc)3(H2O)]n.3nH2O
INTRODUCTION
Coordination polymers (CPs) have structures consisting of metal nodes and organic linkers that are connected together via coordination bonds (1) (2) (3) . Synthesis of the CPs have attracted everincreasing interest not only their structural aesthetics but also their potential applications such as heterogeneous catalyst (4) (5) (6) , luminescence (7) (8) (9) , gas storage (10) (11) (12) , molecular separation (13), sensor (14) , drug encapsulation (15) and so on. Several methods have been used for the synthesis of CPs. Among them, some important synthetic routes are hydro/solvothermal synthesis, sonochemical, slow evaporation, microwave assisted synthesis, mechanochemical and electrochemical synthesis (16) . It is well known that the crystallization, structure, and morphology of CPs depend on the metal or ligand type, solvent type (17) (18) (19) , pH value of reaction mixture (20) (21) (22) (23) , stoichiometric ratio of metal/ligand (24) , mineralizing agent (25) , temperature (26) (27) (28) , and time (29) . These parameters play a profound effect on the structural chemistry of compounds. In this study, pH effect of the solution on polymer formation under subcritical conditions was investigated. For this purpose, multifunctional 2,3pzdc was selected as a ligand due to the six potential coordination sites. There are many studies on the coordination modes of the 2,3-pzdc acid ligand in the literature. These modes are available in many different coordination modes, including mono-to-heptadentate and bridging mode ligands (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) . However, the number of works with mixed coordination mode is very few (43) . In this work, the ligand 2,3-pzdc adopted three different coordination modes in the polymeric chains through which lanthanum ions are linked together to form a three-dimensional structure. In this work, our aim is hydrothermal synthesis of CPs to better understand the pH effect under subcritical conditions. In the synthesis of CPs, stoichiometric ratio, reaction temperature, and time were kept constant and pH values were changed from 1.00 to 7.00. pH values were adjusted by a mineralizing agent piperazine. At the pH values of 6.00 and 7.00, three dimensional lanthanum-based coordination polymers, namely [La2(2,3-pzdc)3(H2O)]n.3nH2O (1) and [La2(2,3pzdc)3(H2O)]n.2nH2O
(2), with different coordination numbers and coordination modes were obtained ( Figure 1 ). Electrical conductivity, thermal stability, and luminescence properties of CPs were investigated.
EXPERIMENTAL

Materials and methods
All chemicals were purchased from commercial sources and used without further purification. PTFE-lined stainless steel containers with 23 mL capacity were used for hydrothermal synthesis. Perkin Elmer Pyris Diamond TG/DTA equipment (50-800 ºC range) at a heating rate of 10 ºC/min was used for TGA analysis. Thermo Flash 2000 CHNS analyzer was used for the elemental analysis. Quantitative lanthanide analyses were performed with Perkin-Elmer Optima 2100DV Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) instrument. Perkin-Elmer RX-1 FT-IR with KBr pellets spectrometer in the range of 4000-400 cm -1 was used for the IR analysis of the compounds. The Field Emission Scanning Electron Microscope (FESEM) images of the compounds were recorded using Carl Zeiss, SUPRA-55. Rigaku Miniflex system with CuKα radiation (λ= 1.54059 Å) was used for the Powder X-Ray Diffraction (PXRD) studies. The electrical conductivity properties of the coordination polymers were determined by four-point probe method with an Electrometer Entek Electronic FPP-470. Asimeto AS-105 digital micrometer was used for thickness measurements. Perkin-Elmer LS 55 Luminescence Spectrometer was used for the solid state fluorescence excitation and emission spectra. LEICA EZ4W stereo microscope was used for the high definition views of the CPs. Autosorb-6B surface area and pore size analyzer was used for the Brunauer, Emmett and Teller (BET) analysis.
Synthesis of La2(2,3-pzdc)3(H2O)]n.3nH2O (1)
A mixture of LaCl3.7H2O (0.1114 g, 0.30 mmol), 2,3-pzdc acid (0.0504 g, 0.30 mmol), piperazine (0.0517 g, 0.60 mmol) and H2O (5.00 mL, 277.80 mmol) with the mole ratio of 1:3:3:927 were added 23 mL volumetric steel Parr Acid reactor. The heterogeneous solution was stirred for 30 minutes at ambient temperature. The white solution with an initial pH of 7.00 was heated at 160 °C for 72 hours. At the end of the reaction, the system was cooled to room temperature. The final pH of the solution was measured by separating the yellow solution and crystals (pH = 6.10). The resulting yellow crystals were washed with pure water and dried ( Figure 2 ). Single crystals suitable for X-ray diffraction analysis were obtained in 78% yield. Anal. Calcd. for 
Synthesis of [La2(2,3-pzdc)3(H2O)]n.2nH2O (2)
A mixture of LaCl3.7H2O (0.3714 g, 1.00 mmol), 2,3-pzdc acid (0.1681 g, 1.00 mmol), piperazine (0.1292 g, 1.50 mmol) and H2O (5.00 mL, 277.80 mmol) with the mole ratio of 1.00: 1.00: 1.50: 277.8 were added 23 mL volumetric steel Parr Acid reactor. The heterogeneous solution was stirred for 30 minutes at ambient temperature. The white solution with an initial pH of 6.00 was heated at 160 °C for 72 hours. At the end of the reaction, the system was cooled to room temperature. The final pH of the solution was measured by separating the yellow solution and crystals (pH = 5.30). The resulting light yellow crystals were washed with pure water, and dried ( Figure 3 ). The single crystals suitable for X-ray diffraction analysis were obtained in 86.8% yield. Anal. Calcd. 
X-ray Crystallography
A Bruker SMART system equipped with a CCD diffractometer at low temperature (100 K) using MoKα radiation (MoKα = 0.71073 Å) was used for the X-ray single-crystal analysis (44). The data were corrected for Lorentz and polarization effects, and absorption corrections were made using SADABS (45, 46) . The structure solution and refinement were carried out using the SHELXLTL crystallographic (47) software package. The structure was solved by direct methods and the nonhydrogen atoms refined against F 2 anisotropically. Crystal data are summarized in Table 1 , and selected bond distances and bond angles are given in Tables 2 and 3 . Full tables bond lengths and angles for CPs are available as Supplementary materials (Tables S1-S4). 
RESULTS AND DISCUSSION
Crystal structures of CPs
Three-dimensional 1 and 2 have [La2(2,3pzdc)3(H2O)]n.3nH2O and [La2(2,3pzdc)3(H2O)]n.2nH2O closed formulas. They have monoclinic P21/c crystal systems and these polymers differ from each other in terms of coordination modes and uncoordinated water molecules. Dimeric lanthanum atoms in 1 have trigonal prismatic geometry (seven coordination) and close to a trigonal dodecahedron (eight coordination) geometry, respectively. In 2, because of the pH effect of under hydrothermal conditions dimeric lanthanum atoms have tricapped trigonal prismatic geometry (nine coordination) ( Figure 4 ). Single crystal X-ray analysis showed that 2,3-pzdc ligands show multiple chelation at 7.00 and 6.00 pH values. When the pH of the solution was adjusted to 7.00, during synthesis of 1, 2,3-pzdc ligand behaved as 3, 5 and 6 dentate ligands in the polymeric chains ( Figure 5 ). Due to the differences in the number of coordination modes in the frameworks, multiple metal bridges occurred. Asymmetric units contain two La(III) ions. The La01 atom has eight coordination, while La02 atom of seven and together form a dimeric unit ( Figure  6 ). As seen in the asymmetric unit of 1, nitrogen atoms of 2,3-pzdc ligand are not coordinated to metals in the case of pH at 7.00. Only oxygen atoms in the carboxyl groups are coordinated to metals. La01 and La02 atoms are linked to each other by oxygen bridges [(O30)]. Around the La01 atom, five oxygen atoms from carboxyl groups, two oxygen bridges and with an oxygen atom in a coordinated water molecule, has totally eight coordination numbers. Nevertheless, there are a total of seven coordination numbers with the five oxygen atoms and two oxygen bridges from the carboxyl groups around around the La02 atom. Asymmetric unit of 1, there are three water molecules outside the coordination sphere. The pH of the solution was adjusted to 6.00 in the synthesis of 2. The 2,3-pzdc ligands behaved as 4-, 6-, and 7-dentate ligands in the polymer chain of 2 and showed differences from 1 (Figure 8 ).
Asymmetric units have two La(III) ions and both of them have a coordination number of 9.
The asymmetric unit consist of three 2,3-pzdc ligands with different coordination modes (Figure 9 ). Figure 8 : The coordination modes of the 2,3-pzdc ligand at pH = 6.00 in the 2.
Unlike 1, the nitrogen and oxygen atoms are also coordinated to metal atoms due to the pH value in the polymeric 2. Two water molecules in monomeric structure are in the cage structure with hydrogen bonds outside the coordination sphere. There are three different coordination modes of the bridge 2,3-pzdc ligands in the polymeric chain ( Figure 10 ), and the pyrazine rings are oriented in different ways in the framework. (48, 49) . 
IR spectra
FT-IR spectra of free ligands 1 and 2 are given in Figures S1-S3 . The peaks seen in the range of 3300-3500 cm -1 are belong to υ(O-H) stretching vibrations of the coordinated and uncoordinated water molecules in the structures. In the IR spectrum of the 2,3-pzdc, the band at 1712 cm -1 is attributed to υ(C=O) stretching band (50) . After coordination, this peak shifted to 1618 cm -1 (for 1) and 1606 cm -1 (for 2) as strong peaks in the spectrum of complexes. These shifts support that the oxygen atoms in carbonyl groups are coordinated to lanthanides. The symmetric stretching vibrations of υ(C=O) in the polymeric chain are observed at 1366 and 1363 cm -1 , respectively. In the IR spectrum of the 2,3-pzdc, the band at 1687 cm -1 is attributed to υ(C=N) stretching band. This peak shifted to 1557 cm -1 for 2 after coordination. New bands at 442 and 434 cm -1 in the spectrum of complexes are attributed to υ(La-O). The coordination of the oxygen atoms to the metal ions indicates that the CPs are formed. A new and strong band at 556 cm -1 in the spectrum of 2 is attributed to υ(La-N) stretching vibrations (51).
Thermal properties TG/DTG curves of 1 and 2 are given in Figures S4  and S5 . Three-step mass losses are observed in the TG/DTG curve of 1. Two mass losses at around 100-300 ºC temperatures are thought to belong to coordinated and uncoordinated water molecules in the structure. The final mass loss between temperatures of 357 and 600 ºC is related to the degradation of organic ligands in the structure. When the TG/DTG curve of the 2 was examined, two-step mass loss occurred. The coordination polymer exhibited thermal stability up to about 150 ºC. The first mass loss between 150-285 ºC belongs to the degradation of water molecules in the framework. The second mass loss at around 372-590 ºC corresponds to the degradation of organic ligands. As seen in thermal curves, 2 is more thermally stable than 1. It is due to the fact that the uncoordinated water molecules in the structure 2 are connected to the main structure by hydrogen bonds from N1-O2W-O10, O1W-O42 atoms ( Figures S6 and S7 ).
PXRD patterns
To determine the phase purities of the CPs, powder XRD analysis was performed at room temperature. For this purpose, simulated and experimental XRD results were compared. The simulated X-ray diffraction patterns were determined by Mercury diffraction-crystal module program with the help of data obtained as a result of single crystal analysis. The experimental and simulated powder XRD patterns of the synthesized compounds are given in Figure S8 . These patterns were compared with each other in terms of peak positions. When the experimental and theoretical curves of the samples are examined, they are compatible, and obtained with high purity. These results are supported with high resolution microscope images.
Morphologies of the CPs
BET and FESEM analysis were performed to determine surface morphology, pore volume, and pore size of CPs. When the surface morphology of 1 was examined, it was seen that obviously the crystals have both porous structures and regional cracks in different approximations ( Figure 11 ). The surface area of 1 was determined as 5.82 m 2 /g and the pore volume was 18.25 x 10 -3 cm 3 /g as a result of BET analysis. In addition, the average pore size of the crystal having mesoporous structure was calculated as 3.21 nm diameter. When the surface morphology of 2 was examined, there are regional crystallizations in different approximations of the crystals (Figure 12 ). The surface area of the crystal was 6.43 m 2 /g, and the pore volume was 6.80x10 -3 cm 3 /g. It is also in mesoporous form due to the average pore diameter of 3.08 nm. 
Luminescence properties
Lanthanides are of great significance for designing new luminescent materials and cause new areas of application. Narrow-band light-emitting performances of lanthanides are excellent (52) . Luminescence properties of free ligand and CPs are investigated in solid state at room temperature, as shown in Figure 13 . The free 2,3-pzdc acid ligand displays an emission maximum at 415 nm (λex = 300 nm), which is attributed to the π*-n transition. Bathochromic (red) shifts are observed in 1 and 2 polymers compared with the 2,3-pzdc. 1 gives a narrow and strong emission band from 505 nm to 520 nm with the maximum at 517 nm upon excitation at 285 nm, and similarly 2 gives a narrow and strong emission band from 565 nm to 602 nm with the maximum at 584 nm upon excitation at 290 nm. These emission values are supported by similar La(III) studies in the literature (53) . According to the above results, the emission of complexes may be assigned to the ligand-to-metal-charge-transfer bands (LMCT) (54, 55) , rather than the π*-n transition of the ligand. Although the polymers have the same ligand and metal, the emission values are different due to the difference in the coordination numbers and modes formed by various pH values. The excitation and emission values, Stokes' shifts and emitted colors of the synthesized coordination polymers are summarized in Table 4 . It was observed that there was no overlap in excitation and emission values in all of the compounds and they give bands at distal wavelengths. Very large Stokes' shift values (232 nm for 1, 294 nm for 2) are observed. Large Stokes' shifts, thermal stability, brightness, and suitable material size lead to be in many different sensor applications (56, 57). Electrical conductivity values of the CPs were measured by four-point probe technique. In order to obtain the most accurate results, the conductivity values were measured in five parallel measurements. The highest electrical conductivity was exhibited by 1 with 3.45x10 -6 S/cm at ambient temperature. 2 showed the maximum conductivity of 2.08x10 -6 S/cm at 25 ºC. Both mesoporous samples showed very close electrical conductivity values. Due to having different framework structures, 1 exhibited slightly more conductivity values than that of 2. The conductivity range of the conducting polymers is between 10 -12 and 10 4 S/cm, while the electro active polymeric composite ranges from 10 -8 to 10 3 S/cm. However, the semiconductor range is between 10 -8 and 10 S/cm (58). In our study, mesoporous CPs showed conductivity values at 10 -6 S/cm. According to the literature, the synthesized polymers can be used as semiconducting materials in solid phase. These materials have found a wide range of applications because of their low cost, compactness, power efficiency and reliability.
CONCLUSION
In summary, three dimensional La(III) coordination polymers based on multifunctional 2,3-pzdc acid were synthesized under subcritical conditions in different pH values and were fully characterized. It is noteworthy that 2,3-pzdc acid in the frameworks have different coordination modes. Therefore, it is found that the pH value of the solution plays an important role in their coordination modes and frameworks under hydrothermal conditions. 1 and 2 show good electrical conductivity values of 3.45x10 -6 and 2.08x10 -6 S/cm at room temperature, respectively. Moreover, the compounds have thermal stability up to 150 °C. It is foreseen that the obtained semiconductor CPs can be employed in the manufacture of various kinds of electronic devices, including integrated circuits, transistors and diodes. Photoluminescent spectra of 1 and 2 showed that CPs are the potential luminescent materials at the maximum emission 517 and 584 nm with sharp and narrow bands. Because of their very large Stokes shifts and low cost, the synthesized CPs may find applications in different sensor applications and light-emitting devices.
